2؉ signals by taking up, buffering, and releasing Ca 2؉ at key locations near Ca 2؉ release or influx channels. The role of such local interactions between channels and organelles is difficult to establish in living cells because mitochondria form an interconnected network constantly remodeled by coordinated fusion and fission reactions. To study the effect of a controlled disruption of the mitochondrial network on Ca 2؉ homeostasis, we took advantage of hFis1, a protein that promotes mitochondrial fission by recruiting the dynamin-related protein, Drp1. hFis1 expression in HeLa cells induced a rapid and complete fragmentation of mitochondria, which redistributed away from the plasma membrane and clustered around the nucleus. Despite the dramatic morphological alteration, hFis1-fragmented mitochondria maintained a normal transmembrane potential and pH and took up normally the Ca 2؉ released from intracellular stores upon agonist stimulation, as measured with a targeted ratiometric pericam probe. In contrast, hFis1-fragmented mitochondria took up more slowly the Ca 2؉ entering across plasma membrane channels, because the Ca 2؉ ions reaching mitochondria propagated faster and in a more coordinated manner in interconnected than in fragmented mitochondria. In parallel cytosolic fura-2 measurements, the capacitative Ca
entry (CCE) elicited by store depletion was only marginally reduced by hFis1 expression. Regardless of mitochondria shape and location, disruption of mitochondrial potential with uncouplers or oligomycin/ rotenone reduced CCE by ϳ35%. These observations indicate that close contact to Ca 2؉ influx channels is not required for CCE modulation and that the formation of a mitochondrial network facilitates Ca 2؉ propagation within interconnected mitochondria.
Mitochondria actively participate to the cellular Ca 2ϩ homeostasis and modulate the pattern of agonist-induced Ca 2ϩ signals by their ability to sequester and release Ca 2ϩ (1) . Because of the low Ca 2ϩ affinity of the uniporter that constitutes the main mechanism of Ca 2ϩ entry into mitochondria, it was proposed that the ability of these organelles to accumulate Ca 2ϩ relies on their close location to Ca 2ϩ release channels on the endoplasmic reticulum (ER) 1 (2, 3) . Mitochondria also interact with plasma membrane channels and thereby modulate the so-called capacitative Ca 2ϩ entry (CCE) pathway, the ubiquitous Ca 2ϩ entry mechanism triggered by emptying of the ER Ca 2ϩ store (4, 5) . Although the molecular identity of the channel(s) responsible for CCE as well as its mechanism of activation are still debated, recent evidence indicates that mitochondria represent a key organelle in CCE activity and/or activation. Indeed, CCE is inhibited by intracellular Ca 2ϩ elevations, and mitochondria were shown to act as local buffers to prevent Ca 2ϩ -mediated inhibition of the CCE pathway (6 -9) . Local interactions between mitochondria and other subcellular structures are difficult to establish in living cells because mitochondria display a complex architecture that varies considerably between cell types. This ranges from a largely interconnected tubular network in COS-7, endothelial, or HeLa cells to round punctuated structures in hepatocytes (10) . Moreover, mitochondria are highly dynamic organelles that move in the cytosol and that constantly undergo fusion and fission. Both processes are under the control of certain GTPases and their associated proteins (11) . hFis1, the human orthologue of the yeast Fis1p (12) , is a 17-kDa transmembrane protein located in the outer membrane of the mitochondria that is involved in the machinery of mitochondria fission, and overexpression of this protein enhances the fission process in HeLa cells (13) . In this study, we overexpressed the protein hFis1 in HeLa cells to induce a controlled fragmentation of mitochondria and measured the impact of these structural changes on cytosolic and mitochondria Ca 2ϩ signals with fura-2 and with a targeted ratiometric pericam probe, respectively. This approach allowed us to investigate the role of mitochondria interconnection on cytosolic and mitochondrial Ca 2ϩ homeostasis and to distinguish the local and global effects of mitochondria on the Ca 2ϩ entry process.
EXPERIMENTAL PROCEDURES
Materials-Minimum essential medium, fetal calf serum, penicillin, and streptomycin were obtained from Invitrogen. Histamine, thapsigargin, oligomycin, and rotenone were obtained from Sigma. Acetoxymethyl ester form of fura-2 (fura-2/AM) and Mitotracker Red were obtained from Molecular Probes Europe (Leiden, Netherlands). Carbonylcyanide m-chlorophenylhydrazone (CCCP) was obtained from * This work was supported by Grant 31-068317.02 from the Swiss National Science Foundation. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
□ S The on-line version of this article (available at http://www.jbc.org) contains two supplemental figures and a film.
ʈ To whom correspondence should be addressed. Organelle Imaging and Morphometric Analysis-Organelle morphology was imaged on an Axiovert 200M equipped with an array laser confocal spinning wheel (Nipkow disc; Visitech, Sunderland, UK) using a ϫ63, 1.4 NA oil-immersion objective (Carl Zeiss AG, Feldbach, Switzerland). Images were acquired on a cooled, 16-bit CCD camera (CoolSnap HQ; Roper Scientific, Trenton, NJ) operated by the Metamorph 5.0 software (Universal Imaging, West Chester, PA). Images shown in Figs. 1A and 3 were deconvolved with the Huygens algorithm (Scientific Volumetric Imaging, Ilversum, The Netherlands) using the Imaris software (Bitplane AG, Zurich, Switzerland). To determine the surface of the cytosol occupied by mitochondria, HeLa cells stably expressing a cytosolic pericam probe were loaded with Mitotracker Red (500 nM for 90 s) to label mitochondria. The cytosolic and mitochondrial stainings were imaged using 488 nm excitation, 535 nm emission, and 546 nm excitation, Ͼ580 nm emission, respectively. Optical slices of 200 nm step size in z section were acquired. Of the stack, the five most informative images were visually selected. This corresponded for all cells (control and transfected) to five adjacent slices located at the bottom of the cells. Following this selection, a series of filters was applied to each image before performing mitochondria and membrane segmentation. First, an "autodensity filter" was applied to increase the contrast, followed by an "inverse video" of the images. An automatic threshold corresponding to the histogram average was applied to generate binary images, and a "median filter" was used to smooth the relevant information. The borders of mitochondria and the membrane were segmented from the filtered signal automatically. For the mitochondrial segmentation, objects smaller than a perimeter of 20 pixels were not taken into account. The border coordinates were exported in an Excel file (points x, y), and the impact points between the membrane and the mitochondria borders were calculated. The impact points corresponded to a distance of 0 nm (superimposed pixels) between mitochondrial and membrane borders or Ͻ200 nm (neighboring pixels) to match the optical resolution of the confocal images.
Cytosolic Ca 2ϩ Measurements-Experiments were performed in Hepes-buffered solution containing (in mM): 140 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , 20 Hepes, 10 glucose, pH 7.4 with NaOH. Ca 2ϩ -free solution contained 1 mM EGTA instead of CaCl 2 , except for the Mn 2ϩ quench experiments, where no EGTA was added. Glass coverslips were mounted in a thermostatic chamber (Harvard Apparatus, Holliston, MA) equipped with gravity feed inlets and vacuum outlet for solution changes. Cells were imaged on a Axiovert s100 TV using a ϫ100, 1.3 NA oil-immersion objective (Carl Zeiss AG, Feldbach, Switzerland). HeLa cells were loaded for 30 min with 2 M fura-2/AM at room temperature in the dark, washed twice, and equilibrated for 15-20 min to allow de-esterification. To monitor [Ca 2ϩ ] cyt , cells were alternatively excited at 340 and 380 nm with a monochromator (DeltaRam; Photon Technology International Inc., Monmouth Junction, NJ) through a 430 DCLP dichroic mirror. Emission was monitored through a 510WB40 filter (Omega Optical, Brattleboro, VT). Prior to the experiments, cells were loaded with 500 nM Mitotracker Red for 90 s and washed two to three times with experimental buffer. Transfected cells were recognized by the fluorescence of the nuclear-targeted GFP (480 nm excitation, 535 nm emission), and the characteristic morphology of mitochondria (fragmented versus tubular) was verified by imaging the mitotracker labeling (577 nm excitation, 590 nm emission). The fluorescence of the nuclear GFP was also observed following excitation at 380 nm during the measurement of [ enters the cells, and the slope during the first 1-2 min was used as an indicator for CCE activity.
Mitochondrial Membrane Potential (⌬ m ) Measurements-To monitor changes in ⌬ m , cells were loaded for 20 min with 50 nM tetramethylrhodamine methyl ester (TMRM) in Hepes-buffered solution, and experiments were carried out in the same buffer. Cells were excited at 545 nm and emission collected through an LP 590 long pass filter. Changes in ⌬ m were expressed as R/R o , where R is the ratio of the fluorescence in the mitochondria divided by the cytosolic fluorescence at a given time and R o is the initial ratio of the mitochondrial over cytosolic fluorescence.
Mitochondrial Ca 2ϩ and pH Measurements-We took advantage of the properties of RP3.1 mit , whose fluorescence is Ca 2ϩ -sensitive when excited at 410 nm and pH-sensitive when excited at 480 nm (Refs. 14, 15, see also 
RESULTS

Effects of hFis1 Expression on Mitochondria Morphology and Location-Mitochondria in HeLa cells form a largely interconnected network constantly remodeled by fusion and fission reactions.
To disrupt this balance toward fission, we overexpressed hFis1, the human orthologue of the yeast protein Fis1p known to participate in mitochondrial division. As shown in Fig. 1A , expression of hFis1 rapidly fragmented the mitochondrial network into punctuate organelles that clustered around the nucleus. The fragmentation process occurred immediately upon hFis1 expression and, once initiated, was complete within 4 h as documented by time-lapse video microscopy of cells co-transfected with a nuclear-targeted GFP (See supplementary movie S1). Within 1 h, all the cells expressing the hFis1 cDNA had a punctiform mitochondria phenotype, consistent with a previous study (13) . To quantify the extent of mitochondrial redistribution, we took several confocal optical sections of mitochondria (labeled with Mitotracker Red) and of the cell cytosol (labeled with the cytosolic protein ratiometric pericam). Using the mitochondrial image as a mask, we determined the surface of the cell occupied by mitochondria on the cytosolic images (the nucleus was included in the cell surface, see "Experimental Procedures"). As shown in Fig. 1B , mitochondria spread out to the periphery and covered a larger area of the cytosol in control cells. On average, the percentage of the cell surface "lacking" mitochondria was ϳ2-fold larger in hFis1-expressing cells compared with control (Fig. 1C , n ϭ 15 and 32 cells, respectively). The same images were used to measure the number of contact points between mitochondria and the cell membrane, defined as the outline of the cytosolic staining. As shown in Fig. 1D , ϳ18% of the cell membrane was apposed to mitochondria in control cells (at the resolution of our confocal system of Ͻ250 nm), a proportion that was reduced by ϳ3 times upon hFis1 expression. Thus, hFis1 not only induces mitochondrial fragmentation but also redistributes mitochondria away from the plasma membrane, leaving large regions of the cell periphery devoid of mitochondria and fewer contacts between mitochondria and the cell surface.
Effects of hFis1 Expression on Mitochondrial Membrane Potential, pH, and Ca
2ϩ Homeostasis-To assess the effects of hFis1 expression on mitochondrial function, we first tested whether the mitochondrial membrane potential (⌬⌿ m ) was altered after fragmentation. For this purpose, cells were loaded with TMRM and challenged sequentially with 5 g/ml oligomycin (to prevent ATP consumption) and 25 M rotenone (to block the complex I of the respiratory chain). As shown in Fig.  2 , the drugs elicited similar changes in ⌬⌿ m in hFis1-overexpressing and control cells. In both cases, neither the application of oligomycin nor rotenone alone had a significant effect on ⌬⌿ m , whereas their combined application dissipated ⌬⌿ m to a similar extent (Fig. 2B) . The subsequent addition of the protonophore CCCP induced a rapid and complete dissipation of the membrane potential. The lack of depolarization in the presence of oligomycin indicates that the respiratory chain was functional in hFis1 cells and that the mitochondrial membrane potential was not maintained by the mitochondrial H ϩ ATPase functioning in reverse mode and consuming glycolytic ATP. Next, we measured the H ϩ and Ca 2ϩ activities inside the mitochondrial matrix of live HeLa cells. For these measurements, we took advantage of the dual sensitivity to both Ca 2ϩ and pH of a ratiometric pericam probe targeted to mitochondria, RP3.1 mit (kindly provided by Dr. A. Miyawaki, Tokyo). RP3.1 mit fluorescence is highly sensitive to pH at an excitation of 480 nm, but not at 410 nm (14, 15) . Conversely, RP3.1 mit fluorescence decreases with increasing concentrations of Ca 2ϩ at 410 nm but is largely insensitive to Ca 2ϩ at 480 nm. We could verify this dual sensitivity by exposing RP3.1 mit -labeled HeLa cells to the mitochondrial uncoupler CCCP or to the calcium-mobilizing agonist histamine. As expected, CCCP caused a selective drop in RP3.1 mit fluorescence at 480 nm as the mitochondria acidified to equilibrate its pH with the pH of the cytosol (Fig. 3A) . In contrast, addition of histamine produced a transient drop only at 410 nm (Fig. 3B) , confirming that changes in mitochondrial Ca 2ϩ concentration, [Ca 2ϩ ] mit , could be monitored selectively at this wavelength. We used this approach to evaluate the effect of hFis1 expression on mitochondrial Ca 2ϩ and pH homeostasis. As shown in Fig. 3 , C and E, addition of 1 M CCCP elicited a drop in fluorescence at 480 nm that was of similar magnitude in control and in hFis1-expressing cells. The drop in fluorescence corresponded to a similar ⌬pH, because the RP3.1 mit calibration curves were similar in hFis1-overexpressing and -untransfected cells in the pH range 7.4 -8.4 (see Supplementary Fig. 2 ). These data confirm the TMRM measurements and indicate that the pH of the mitochondrial matrix was not altered by hFis1 expression.
In (Fig. 3D) . In the absence of extracellular Ca 2ϩ , neither the maximal [Ca 2ϩ ] mit elevation nor the duration of the response was different in control and hFis1-overexpressing cells (Fig. 3F) between the two organelles (15) . Because hFis1 induced dramatic alterations in mitochondrial architecture, we investigated whether the ER was also affected. As shown in Fig. 4 , the staining pattern of the ER-targeted yellow cameleon probe (YC4.1 ER ) was not grossly altered upon hFis1 expression, indicating that the mitochondrial remodeling was not accompanied by visible changes in ER architecture.
Effects of hFis1 on Ca 2ϩ Transfer from Plasma Membrane Channels to Mitochondria-hFis1-fragmented mitochondria appear to handle normally the Ca 2ϩ released from the ER, as indicated by the normal [Ca 2ϩ ] mit transient elicited by histamine. Because the main effect of hFis1, apart from fragmentation, is to move mitochondria away from the plasma membrane (Fig. 1) , we assessed whether hFis1 altered the ability of mitochondria to take up Ca 2ϩ originating from the plasma membrane. For this purpose, Ca 2ϩ was readmitted to cells previously stimulated with 50 M histamine in the nominal absence of Ca 2ϩ . As shown in Fig. 5A , the amplitudes of the [Ca 2ϩ ] mit elevations were similar in control (0.109 Ϯ 0.019; n ϭ 12) and in hFis1-overexpressing cells (0.110 Ϯ 0.014; n ϭ 15). Interestingly however, the time needed to reach this level was significantly prolonged by hFis1 expression. The Ca 2ϩ entering across the plasma membrane took, on average, 31 s longer to cause a maximal response in hFis1-fragmented mitochondria. Similar results were obtained in cells stimulated with the SERCA pump inhibitor, thapsigargin (1 M), instead of histamine (Fig. 5, C and D) , indicating that ER Ca 2ϩ pumps were not involved in the transfer of Ca 2ϩ from the plasma membrane to mitochondria.
To understand the structural basis of this slower [Ca 2ϩ ] mit increase, we analyzed the spatio-temporal pattern of the [Ca 2ϩ ] mit signal during Ca 2ϩ readdition to control and hFis1 cells. As shown in Fig. 6 , [Ca 2ϩ ] mit increased rapidly in large, contiguous regions of control tubular mitochondria. In contrast, [Ca 2ϩ ] mit increased sequentially in discrete regions of hFis1-fragmented mitochondria. The slower response of hFis1-fragmented mitochondria was not because of a delay in the transfer of Ca 2ϩ from the plasma membrane to mitochondria, because the [Ca 2ϩ ] mit signal initiated at the same time or even earlier in individual mitochondria from hFis1-transfected cells (Fig. 6A) . Rather, Ca 2ϩ spread faster and in a more coordinated manner within tubular mitochondria (Fig. 6B) reflect a reduced or slower influx of Ca 2ϩ across the plasma membrane. To test this possibility, we measured Ca 2ϩ influx with fura-2. As shown in Fig. 7 , the cytosolic Ca 2ϩ changes upon Ca 2ϩ readdition to cells stimulated with thapsigargin were of similar amplitude and kinetics in control and hFis1-overexpressing cells. To confirm this observation, CCE activity was measured by following the rate of Mn 2ϩ influx (Fig. 7C) . The rates of Mn 2ϩ quench were not significantly different in control and hFis1-expressing cells (Fig. 7D) , indicating that CCE was largely unaffected by the fragmentation and subcellular redistribution of the mitochondrial network.
Effects of hFis1 on CCE Modulation by Mitochondria-Functional mitochondria are required to sustain CCE, but it is not clear whether mitochondria act locally, i.e. as Ca 2ϩ buffers that remove Ca 2ϩ -dependent channel inhibition, or globally, i.e. by modulating the filling state of the ER or by releasing a diffusible messenger. Because mitochondria in hFis1 cells were clearly located farther away from the plasma membrane than in untransfected cells, they provided a convenient model to separate the local and global effects of mitochondria on CCE. For this purpose, cells were stimulated with thapsigargin to activate CCE and mitochondria function was inhibited by either 1 M CCCP or by a combination of 25 M rotenone and 5 g/ml oligomycin. The effects of the mitochondria inhibitors on CCE were then assessed by the Ca 2ϩ readdition protocol or by the Mn 2ϩ quench technique. As shown in Fig. 8 , Ca 2ϩ entry was reduced by about one third in the presence of CCCP or of oligomycin/rotenone, regardless of hFis1 expression. Mn 2ϩ entry was reduced to a similar extent in the presence of 1 M CCCP, both in control (from 8.503 Ϯ 1.442, n ϭ 18 to 4.630 Ϯ 0.464, n ϭ 25; p Ͻ0.05) and in hFis1-overexpressing cells (from 6.876 Ϯ 1.196, n ϭ 14 to 3.276 Ϯ 0.225, n ϭ 10; p Ͻ0.05). These results indicate that functional mitochondria are required for optimal activation of CCE in HeLa cells, although the modulation of CCE by mitochondria (30 -40%) is less pronounced than in other cell types.
DISCUSSION
In this study we investigated the effect of a controlled disruption of the mitochondrial network on the Ca 2ϩ homeostasis of mitochondria. For this purpose, we expressed the protein hFis1 in HeLa cells to induce a rapid fragmentation and perinuclear clustering of their mitochondria. Surprisingly, these dramatic morphological alterations had little impact on the organelle function because mitochondria were still able to maintain a normal membrane potential and pH and to take up and release Ca 2ϩ . This experimental paradigm allowed us to study Ca 2ϩ handling by mitochondria located close or far from the plasma membrane, to define the role of mitochondria interconnection in the propagation of Ca 2ϩ signals, and to assess the local and global effects of mitochondria on plasma membrane Ca 2ϩ channels. hFis1 Initiates Mitochondria Fragmentation without Altering the Function of the Organelle-Mitochondria are dynamic organelles that often form an extensive tubular network reflecting the balance of ongoing fusion and fission processes. Among the proteins regulating the fusion and fission processes, hFis1 was recently shown to induce mitochondrial fission in mammalian cells by recruiting the dynamin-related GTPases Drp1 from the cytosol to the outer mitochondrial membrane (13, 16) . We could confirm that expression of hFis1 in HeLa cells induces a complete fragmentation of mitochondria within 16 -20 h. This effect was selective for mitochondria because expression of hFis1 did not modify the ER architecture. Upon fragmentation, the mitochondria clustered around the nucleus, leaving large parts of the cytosol devoid of these organelles. Morphometric analysis revealed that 45% of the cellular area was lacking mitochondria in cells expressing hFis1 compared with 25% in control cells and that the fragmented mitochondria were located farther away from the plasma membrane. We could not precisely evaluate the location of mitochondria relative to the upper portion of the plasma membrane (i.e. the "roof" of the cell) given the limited optical resolution of our confocal system in the z-axis. Nevertheless, functional data (see below) strongly suggest that upon hFis1 expression mitochondria moved toward deeper regions of the cytosol.
hFis1 overexpression did not affect the mitochondrial membrane potential (⌬ m ) as measured in situ with low concentrations of the rhodamine probe TMRM. Furthermore, oligomycin and rotenone, alone or in combination, had similar effects on ⌬ m . This latter experiment rules out the possibility that fragmented mitochondria maintained a normal membrane potential by the hydrolysis of glycolytic ATP, because the ATP synthase inhibitor oligomycin did not dissipate ⌬ m . Consistent with the maintenance of a normal H ϩ electrochemical gradient, the pH of the mitochondrial matrix was not altered 16 h after transfection of hFis1 (Fig. 3) . We did not try later time points, because expression of hFis1 for Ͼ48 h has been shown to induce cytochrome c release and apoptosis (13) . Thus, during acute fragmentation mitochondria maintained a normal membrane potential and pH, in agreement with a recent report on hippocampal neurons showing that mitochondrial redistribution and aggregation did not modify their energy status (17) .
Mitochondria Fragmentation and Ca 2ϩ Handling-Given the preserved function but altered shape and location of mitochondria, the question arises as to whether they were still able to accumulate Ca 2ϩ during cell stimulation. This question is of particular interest because the mitochondrial Ca 2ϩ uniporter, which drives the entry of Ca 2ϩ into mitochondria, has a low affinity for Ca 2ϩ (18) . It was thus postulated that mitochondria must be located in close vicinity to Ca 2ϩ release sites on the ER (i.e. near inositol 1,4,5-trisphosphate-gated Ca 2ϩ release channels) to rapidly and efficiently accumulate Ca 2ϩ (2, 3) . This "high microdomain" model is widely accepted to account for the rapid [Ca 2ϩ ] mit increase that occurs during cell stimulation. As an extension of this postulate, it was proposed recently that the contact points between the ER and mitochondria are highly stable over time, suggesting that specific structural interactions exist between the two organelles (15). This conclusion was based on 1) the similar distribution of highly responsive mitochondria inside cells during successive histamine stimulations, and 2) the larger than expected reduction in aequorin responses to repetitive histamine challenges, which indicates that mitochondria that capture large amounts of Ca 2ϩ (and thus consume aequorin) are not replaced by other mitochondria from the remaining population. In our imaging measurements, we did not detect any significant differences in the ability of fragmented or tubular mitochondria to take up Ca 2ϩ during histamine stimulation, neither in the amplitude nor in the kinetic of the response. Although this result is not contradictory to the concept of a close vicinity between certain parts of the ER and mitochondria, it is hard to reconcile with the existence of permanent physical contacts. Our data showed that the ER structure was not affected by the fragmentation of the mitochondrial network, indicating that hFis1 specifically altered the structure and location of one organelle (the mitochondria) while leaving the other intact (the ER). Although it is conceivable that mitochondria can move and reform specific interactions with other ER Ca 2ϩ channels at a new location, it is difficult to envisage that stable ER-mitochondria complexes can move inside cells without altering the ER structure. Thus, to account for the rapid uptake of Ca 2ϩ into fragmented mitochondria, the most likely hypothesis is that close contacts between the ER and mitochondria occur stochastically but at a relatively high frequency given the density of the two organelles in perinuclear regions.
Although fragmented mitochondria captured normally the Ca 2ϩ released from the ER, they accumulated Ca 2ϩ with a significant delay compared with tubular mitochondria when the Ca 2ϩ source was the extracellular space. The kinetic was about two times slower, whereas the maximal Ca 2ϩ increase was not affected. Because morphometric analysis indicated that fragmented mitochondria are located deeper in the cytosol, Ca 2ϩ ions must, on average, travel a longer distance before reaching a fragmented than a tubular mitochondria. However, this longer distance is unlikely to account for the delayed transfer of Ca 2ϩ to fragmented mitochondria, because during fura-2 measurements Ca 2ϩ equilibrated within seconds in the cytosol. The increased distance from the plasma membrane might, however, translate into a slightly reduced Ca 2ϩ concentration around perinuclear mitochondria. In this case, Ca 2ϩ would enter at a lower rate through the mitochondrial Ca gardless of the mechanism, the ability of perinuclear mitochondria to take up Ca 2ϩ , albeit at slower rates, indicated that close contacts to plasma membrane channels were not required for Ca 2ϩ uptake by mitochondria during capacitative Ca 2ϩ entry. Moreover, our observations indicated that the transfer of Ca 2ϩ from the extracellular space to mitochondria did not involve the ER, because mitochondria located deep in the cell were still able to take up Ca 2ϩ when ER SERCA ATPases were inhibited by thapsigargin (Fig. 5) . These data indicate that Ca 2ϩ does not transit through the ER to reach mitochondria and that high Ca 2ϩ microdomains are not required for the slow uptake of Ca 2ϩ that occurs during CCE. Our observations also indicated that the formation of a tubular network facilitates the propagation of Ca 2ϩ along mitochondria. As shown in Fig. 6 Channels-Because mitochondria remained largely functional upon hFis1 expression, we investigated whether these fragmented mitochondria located far from the plasma membrane were still able to modulate CCE. Depletion of the ER Ca 2ϩ stores triggers an influx of extracellular Ca anism of action are still debated. In electrophysiological studies, the best characterized current supporting CCE is I CRAC , a current that is highly selective for Ca 2ϩ and carried by channels of small unitary conductance (19 -21) . This current is inhibited at high intracellular Ca 2ϩ concentrations, and mitochondria were shown to prevent Ca 2ϩ -dependent channel inactivation by their ability to accumulate Ca 2ϩ near the cytosolic mouth of the channel (6) . In agreement with this hypothesis, a recent cell-attached patch-clamp study on endothelial cells showed that mitochondria can maintain low Ca 2ϩ concentrations under single plasma membrane channels (9) . In addition to their buffering effects, mitochondria were recently proposed to release an as yet unidentified diffusible factor(s) that regulates the activity of I CRAC (22) .
Our experiments using either thapsigargin or histamine to deplete ER Ca 2ϩ stores showed that upon Ca 2ϩ readdition the bulk cytosolic Ca 2ϩ elevation was not significantly different in control or hFis1-overexpressing cells. This was also confirmed by Mn 2ϩ quench experiments, although with both assays a small but not significant reduction in Ca 2ϩ /Mn 2ϩ entry was observed in hFis1-overexpressing cells. Because in hFis1 cells large parts of the plasma membrane are devoid of underlying mitochondria, the presence of mitochondria near membrane channels is clearly not essential for CCE. This does not imply that mitochondria do not exert local effects on CCE, because reduced subplasmalemmal Ca 2ϩ buffering could have opposite effects on membrane channels. Ca 2ϩ -dependent K ϩ channels are more active when located far from underlying mitochondria (9), leading to a larger hyperpolarization and enhanced driving force for Ca 2ϩ entry. Because Ca 2ϩ -dependent K ϩ channels are also present in HeLa cells, (23) , lack of subplasmalemmal mitochondria might elicit opposite mechanisms, the reduction in local Ca 2ϩ buffering enhancing the Ca 2ϩ feedback inhibition on Ca 2ϩ entry channels while increasing the driving force for Ca 2ϩ entry. Thus, a local role of mitochondria on Ca 2ϩ entry channels cannot be formally excluded but is apparently not the dominant mechanism by which mitochondria modulate CCE in HeLa cells.
Regardless of their location, functional mitochondria were required for optimal CCE, because poisoning mitochondria either with CCCP or oligomycin/rotenone significantly reduced CCE both in control and hFis1-overexpressing cells. It should be noted, however, that in other cellular systems such as RBL-1 (22) , T lymphocytes (7), or endothelial cells (9) such inhibition of mitochondrial function resulted in a more pronounced reduction of CCE (ϳ80 -90%). Thus, the proportion of CCE under the influence of mitochondria is relatively modest in HeLa cells (ϳ30 -40%). Nonetheless, the observation that optimal CCE activity requires functional mitochondria even if the organelles are located far from the plasma membrane suggests that CCE modulation is not a local effect but rather a global effect that might involve a diffusible factor, as proposed recently (22) . Thus, function, but not location, of mitochondria is critical for CCE modulation.
In conclusion, our data show that mitochondrial fragmentation and perinuclear clustering did not alter the ability of mitochondria to take up Ca 2ϩ ions released by the ER or to modulate CCE but significantly decreased the speed of Ca 2ϩ propagation between these organelles during Ca 2ϩ influx. Thus, mitochondria remain functional and able to modulate CCE regardless of their shape and location, although the formation of a mitochondria network might facilitate the propagation of specific Ca 2ϩ signals within cells.
